The paper presents a rainfall estimation technique based on algorithms that couple, along a radar ray, profiles of horizontal polarization reflectivity (Z H ), differential reflectivity (Z DR ), and differential propagation phase shift (⌽ DP ) from X-band polarimetric radar measurements. Based on in situ raindrop size distribution (DSD) data and using a three-parameter ''normalized'' gamma DSD model, relationships are derived that correct X-band reflectivity profiles for specific and differential attenuation, while simultaneously retrieving variations of the normalized intercept DSD parameter (N w ). The algorithm employs an iterative scheme to intrinsically account for raindrop oblateness variations from equilibrium condition. The study is facilitated from a field experiment conducted in the period October-November 2001 in Iowa City, Iowa, where observations from X-band dualpolarization mobile radar (XPOL) were collected simultaneously with high-resolution in situ disdrometer and rain-gauge rainfall measurements. The observed rainfall events ranged in intensity from moderate stratiform precipitation to high-intensity (Ͼ50 mm h Ϫ1 ) convective rain cells. The XPOL measurements were tested for calibration, noise, and physical consistency using corresponding radar parameters derived from coincidentally measured raindrop spectra. Retrievals of N w from the attenuation correction scheme are shown to be unbiased and consistent with N w values calculated from independent raindrop spectra. The attenuation correction based only on profiles of reflectivity measurements is shown to diverge significantly from the corresponding polarimetric-based corrections. Several rain retrieval algorithms were investigated using matched pairs of instantaneous high-resolution XPOL observations with rain rates from 3-min-averaged raindrop spectra at close range (ϳ5 km) and rain-gauge measurements from further ranges (ϳ10 km). It is shown that combining along-a-ray (corrected Z H , Z DR , and specific differential phase shift) values gets the best performance in rainfall estimation with about 40% (53%) relative standard deviation in the radar-disdrometer (radar-gauge) differences. The casetuned reflectivity-rainfall rate (Z-R) relationship gives about 65% (73%) relative standard deviation for the same differences. The systematic error is shown to be low (ϳ3% overestimation) and nearly independent of rainfall intensity for the multiparameter algorithm, while for the standard Z-R it varied from 10% underestimation to 3% overestimation.
Introduction
Modern flood and flash flood warning systems and the efficient management of water resources call for improved quantitative measurements of precipitation at temporal scales of minutes and spatial scales of a few square kilometers. Urban catchments and small watersheds, characterized by particularly fast response, require even higher resolution of the rainfall products (Dabbert et al. 2000) . The capability provided by weather radar in monitoring precipitation at high spatial and temporal scales has stimulated great interest and support within the hydrologic community. The U.S. National Weather Service (NWS) is using an extensive network of Weather Surveillance Radar-1988 Doppler (WSR-88D) systems (Heiss et al. 1990 ), which has brought advancements to a range of hydrometerological applications. Nevertheless, research has shown that rainfall estimates based on these classical single-polarization radar observations have severe quantitative limitations (e.g., Smith et al. 1996; Anagnostou et al. 1999; Young et al. 2000) . These limitations arise mainly from uncertainties associated with 1) lack of a unique transformation from reflectivity to rainfall intensity; 2) radar transmitter, receiver, and antenna gain calibration problems; and 3) contamination by ground returns, partial beam occlusion, and vertical precipitation profile effects. These limitations and other issues, such as attenuation of short-wavelength radar signals in rain, have been discussed and documented by several investigators in the past (e.g., Austin 1987) . Rainfall products from operational weather radar systems have a spatial resolution in the range of 4-16 km 2 , and a temporal scale of 1 h. This is often not sufficient to drive distributed rainfall-runoff models, in particular those simulating urban basin responses (Capodaglio 1994; Norreys and Cluckie 1997; Dabbert et al. 2000; Sharif et al. 2002) and for situations of extremely intense convective rain cells embedded within larger regions of rainfall (Market et al. 2001) .
In an effort to reduce some of the above uncertainties, research radar systems use polarization diversity technology, which consist of simultaneous measurements of reflectivity and signal phase at horizontal (H) and vertical (V) polarization (Zhrai and Zrnić 1993; Zrnić and Ryzhkov 1999; Scott et al. 2001) . The physical concept behind polarization diversity is that falling raindrops take oblate shape, which under equilibrium condition can be related to their volume (Pruppacher and Beard 1970) . This nonspherical raindrop geometry impacts both propagation and backscatter of an incoming H and V polarization electromagnetic radar wave. The most common polarimetric radar measurements are the reflectivity factors at H and V polarization (Z H , Z V , mm 6 m Ϫ3 ); the differential reflectivity factor (Z DR , dimensionless), which is defined as the ratio of Z H to Z V ; and the propagation differential phase shift (⌽ DP , degrees). Over a certain radial distance (⌬r) one can calculate the specific differential phase shift (K DP , degrees km Ϫ1 ) as one-half of ⌽ DP gradient. Estimation of K DP is subject to random errors in ⌽ DP measurements, and the backscattering phase shift effect (also known as ''␦'' effect) that cannot be readily separated from ⌽ DP data (e.g., Keenan et al. 2001; Zrnić and Ryzhkov 1996; Hubbert and Bringi 1995) . The ␦ value can be significant at short radar wavelengths, especially when sufficient concentration of large (Ͼ6 mm at C band and Ͼ3.5 mm at X band) raindrops is encountered in the radar sampling volume, which is more common in high rainfall intensities (Zrnić et al. 2000) . This non-Rayleigh effect may introduce serious complications at C-and X-band frequencies, and requires careful consideration when K DP is used in quantitative applications such as for attenuation correction of reflectivity and differential reflectivity measurements (Matrosov et al. 2002; Keenan et al. 2001) .
Many studies on radar polarization diversity have concentrated primarily on nonattenuating (S band) frequency. Starting from the early study of Seliga and Bringi (1976) to the most recent work by Brandes et al. (2003) and Bringi et al. (2002) , investigations have shown that multi-parameter radar observations at S band can be used to derive raindrop size distribution parameters and thereby estimate rainfall rate. The majority of studies, though, have been based on power-law radar parameter-rainfall relationships derived through simulated or observed raindrop spectra (e.g., Ryzhkov and Zrnić 1995; Aydin et al. 1995; Jameson 1991) . A generality to be drawn from these various studies is that K DP -based estimation techniques would provide the most accurate estimates of high rain rates (Ͼ50 mm h Ϫ1 ), while for moderate to low rain rates definitive measurements of precipitation is possible through averaging in range and combining with other measured radar parameters (e.g., Z DR ). Other great advantages of K DPbased estimators is that they are not affected by radar calibration errors or partial beam occlusion, and are less susceptible to ground clutter effects (Vivekanandan et al. 1999; Zrnić and Ryzhkov 1996) . As shown in those studies, the differential phase shift at S band is characterized by relatively low sensitivity to rainfall rate, which impacts the resolution of rain products derived from K DP estimators. For example, Blackman and Illingworth (1997) have shown that to retrieve a rainfall rate of 8 mm h Ϫ1 from K DP at S band would require ⌬r of at least 5 km at 25-km radar range. Since ⌽ DP sensitivity to the raindrop size is proportional to the radar frequency, at X band, these limiting values are lowered by a factor of 3. Consequently, the use of X-band wavelength should allow more detailed, and potentially more accurate estimation of light to moderate rainfall rates.
These improvements are primarily important for the accurate prediction of floods in small to medium size (Ͻ100 km 2 ) watersheds that are associated with a rapid response to high rain rates, and for real-time urban water management. The partial signal attenuation, which is significant at X band, is not an issue for the K DP measurements unless there is complete attenuation (i.e., signal drops below a minimum detection threshold). There are two main complications in using polarimetric parameters (Z DR and K DP ) at X band that require careful investigation: 1) the presence of ␦ effect in cases of significant concentration of large drops, and 2) the variability in raindrop size distribution and in the equilibrium relationship between oblate raindrop shape and size. Zrnić et al. (2000) and Keenan et al. (2001) , who studied the sensitivity of C-band polarimetric variables to the form of raindrop axial ratio and the tail of raindrop size distribution, have exemplified the effect of both issues on the accuracy of rainfall estimation. Currently, research on the use of polarimetric radar measurements at X band has been limited to a few theoretical (Jameson 1994 (Jameson , 1991 Chandrasekar and Bringi 1988; Chandrasekar et al. 1990 ) and experimental studies (Tan et al. 1991; Matrosov et al. 1999; Matrosov et al. 2002) .
The experimental study by Matrosov et al. (1999) , although valuable from the viewpoint of polarimetric technique development, did not provide adequate quantitative evaluation of the estimators. In their most recent study, however, Matrosov et al. (2002) provided a quantitative error analysis of the various rain estimators based on field data. They concluded that a multiparameter algorithm consisting of Z H , Z DR , and K DP measurements provides the least standard error compared to other single-parameter estimators. According to the authors, the combined polarimetric parameter algorithm intrinsically accounts for the variability in equilibrium Radar system mounted on a flatbed truck with radar operations cabin, a hydraulic leveling system, and a diesel power generator.
drop shape-size relationship, thus offering a more stable estimator.
In this paper, we are concerned with the same issues, but follow a different approach. We attempt to explicitly resolve the raindrop size distribution and equilibrium shape-size relationship parameter variations using polarimetric measurements. Our rainfall estimation technique is based on algorithms that couple profiles of Z H , Z DR , and ⌽ DP taken along a radar ray, following a scheme proposed by Testud et al. (2000) . Based on in situ raindrop size distribution (DSD) data and using an assumed three-parameter normalized gamma model for DSD, we derive relationships applied to Z H and ⌽ DP ray-profile measurements to correct for Z H and Z DR attenuation, while simultaneously retrieving variations of one of the DSD parameter values. The retrieved DSD parameter and corrected Z H and Z DR profiles are combined with K DP profiles derived from the filtered ⌽ DP data to retrieve rainfall rates at high resolution.
Our study was facilitated by a field experiment conducted in the period October-November 2001 in Iowa City, where we collected X-band polarimetric observations simultaneously with high-resolution in situ drop size distribution data. The polarimetric radar measurements were performed with the National Observatory of Athens X-band dual-polarization mobile radar (hereafter named XPOL), while the in situ facilities include three disdrometers located within a 5-km range from the XPOL, and a network of dual tipping-bucket rain gauge platforms located at further ranges (ϳ10 km). The facilities are under the umbrella of the KDVN WSR-88D in Davenport, Iowa, about 80 km from the radar.
In the following section we describe the field experiment and the data collected. In section 3, we present the mathematical formulation of the proposed rain estimation algorithm, and discuss issues relevant to DSD and shape-size variability effects. In section 4, we compare attenuation correction and rain estimation algorithms, including those based on single polarization observations. In section 5, we evaluate the algorithm errors based on the in situ rain gauge and disdrometer rainfall measurements. We close the paper with our conclusions in section 6.
Experimental data

a. Overview
We obtained high-resolution X-band polarimetric radar data at the well-instrumented hydrometeorological site of IIHR-Hydroscience and Engineering, a research institute at the University of Iowa in Iowa City, Iowa. The experiment lasted 2 months, from early October to the end of November 2001. Table 1 summarizes the storm events measured coincidentally by all instruments during the 2-month period of the experiment.
The XPOL system used in this research is a mobile dual-polarization radar unit with characteristics shown in Table 2 . The XPOL was situated at a farm approximately 10 km west of Iowa City with a clear 180Њ view towards the IIHR facility. The in situ instruments used in this experiment included three disdrometers located within a 5-km range from XPOL, and three clusters of double-gauge tipping-bucket (0.25 mm) rain gauges located between 5 and 10 km from XPOL. The disdrometers included a two-dimensional video disdrometer (2DVD) discussed in detail by Kruger and Krajewski (2002) , a Precipitation Occurrence Sensing System (POSS), which is a bistatic, continuous wave, X-band radar developed by the Atmospheric Environment Ser- vice of Canada (Sheppard 1990) , and a Joss-Waldvogel (JW) disdrometer (Joss and Waldvogel 1967) , a longtime community standard. A detailed discussion of the DSD data collected by the disdrometers in our experiment is given in Miriovsky et al. (2004) . A view of the instrument locations overlaid on an area map and XPOL's sampling grid is shown in Fig. 1 . The nearest Next Generation Doppler radar (NEXRAD) sampling grids are also shown.
b. Calibration of XPOL
The XPOL scanning strategy was set to a three-elevation (0.5Њ, 1.5Њ, and 3.0Њ) sector (ϳ100Њ) volume scans followed by range-height indicator (RHI) scans over the dual-gauge and disdrometer locations, with scanning cycles requiring about 3 min. To determine the XPOL Z H , Z DR , and ⌽ DP measurement noise statistics we used multiple fixed-antenna samples (100 bins per sample) taken during low precipitation intensity periods. In Z H the evaluated noise standard deviations (STDs) ranged between 0.15 and 0.25 dBZ, while in Z DR the STDs were a little higher, between 0.22 and 0.46 dB. In differential phase shift, the noise STDs ranged between 1Њ and 5Њ, with a mode at 1.8Њ. To determine reflectivity (Z H ) measurement calibration we used in situ DSD data, which showed a 0.9-dB positive bias. We show later that removing this Z H bias consistently provides unbiased estimates of one of the DSD parameters from the combination of Z H and ⌽ DP measurements. To determine Z DR calibration we used measurements collected with vertically (90Њ) pointing and rotating antenna in light precipitation. These indicated a low positive bias of nearly 0.3 dB. Matrosov et al. (2002) has explained some of this bias through simulation showing that Z DR measurements based on a slant 45Њ transmission with two receivers (like the ones XPOL is using) can be biased by 0.1-0.3 dB for canted drops in the range of 5Њ-10Њ of vertical.
We also devised a scheme for correcting differential phase (⌽ DP ) measurements from range folding, and implemented an iterative filter for removing noise and ␦ effect, based on Hubbert and Bringi (1995) . Application of this filter to XPOL ray measurements (Fig. 2) shows that the algorithm works well and that the differential phase measurements have low noise. Furthermore, no obvious ␦ effect is shown in these profiles, which we will discuss in a later section. From the filtered ⌽ DP profile data, we can now readily derive K DP estimates.
As the final stage of checking the XPOL data, we compared the calibration-adjusted Z H and Z DR measurements and K DP estimates against coincident 3-min time-
XPOL single ray profile of measured and filtered differential phase shift (⌽ DP ) for a rain sample case.
FIG. 3. Scatterplots of (top) horizontal polarization effective reflectivity (Z H ) vs differential reflectivity (Z DR ), and (bottom) Z H versus specific differential phase shift (K DP ) determined from attenuation corrected XPOL observations and radar observables calculated from measured raindrop spectra.
averaged polarimetric parameters derived from three in situ disdrometer measurements. Figure 3 shows scatterplots of Z H versus Z DR and Z H versus K DP as observed by the XPOL (left) and calculated from raindrop spectra measurements (right). The scatterplots show that XPOL measurements give almost identical Z H -Z DR and Z H -K DP relationships compared to the relationships derived from DSD data. The scatter is higher in XPOL data, which is a result of the additional noise included in the measurement of radar parameters and the sampling difference between point (disdrometer) and volume average (XPOL) measurements. This analysis demonstrates a strong physical consistency in XPOL measurements. It also shows that there is a degree of added variability due to measurement noise, which should be considered when developing rain estimation techniques.
Rainfall estimation algorithm a. Polarimetric radar parameters
The XPOL measurements at each range bin are the attenuated radar reflectivity in H and V polarization, Z aH and Z aV (mm 6 m Ϫ3 ), from which we derive the attenuated differential reflectivity, Z aDR ϭ Z aH /Z aV (decibels, dB); and the differential phase shift between H and V polarization, ⌽ DP (degrees). These measurements are related to the nonattenuated parameters as follows:
where Z eH , Z eV , and Z DR are the H and V equivalent (nonattenuated) radar reflectivity and differential reflectivity parameters, A H , A V , and A DP (dB km Ϫ1 ) are the H and V specific attenuation and differential attenuation parameters, respectively, and K DP is the specific differential phase shift (degrees km Ϫ1 ). These parameters are related to the hydrometeor size distribution (DSD) within a radar sampling volume through the following integral equations (Bringi and Chandrasekar 2002) :
where D e is the equivolumetric spherical diameter, (Barber and Yeh 1975) . The backscattering phase shift parameter (␦) is expected to be negligible when ⌽ DP measurements are filtered through the iterative approach of Hubbert and Bringi (1995) as discussed in the previous section. Estimation of these polarimetric radar parameters and consequently rainfall from the XPOL measurables is an inverse problem that involves the earlier physically based equations, (1)-(7). We want to solve this system of equations for the values of equivalent radar parameters based on the measured ones. From the derived parameters we should be able, in principle, to find estimates of rainfall variables. Before we discuss our strategy for finding the solution, in the following section we present theoretical relationships between the various integrated radar and rainfall parameters derived on the basis of assumed DSD and raindrop shape-size models.
b. Relationships between integrated radar and rainfall parameters and DSD
As shown by the integral equations in the previous section, information on the DSD, as well as hydrometeor phase (liquid, solid, mixed) and shape is key to relate polarimetric radar measurements to precipitation and other radar parameters (e.g., specific and differential attenuation, K DP , liquid water content, rain rate, etc.) As indicated by past investigations based on models and observations, the shape of raindrops can be well approximated by oblate spheroids (e.g., Pruppacher and Beard 1970; Beard and Chuang 1987; Bringi et al. 1998 ). The spheroid minor-to-major axis ratio (r) can be approximately related to the equivolumetric spherical diameter (D e ) through a linear relationship (Pruppacher and Beard 1970) . In this study we follow a general formulation of this relationship as in Matrosov et al. (2002) , assuming that axis ratio (r a ) diverges from one when raindrops are larger than 0.5 mm:
e where parameter beta is the slope of the shape-size relationship (dr/dD e ). The value of 0.062 mm Ϫ1 approximated by Pruppacher and Beard (1970) for parameter beta brings (8) close to the equilibrium shape-size relation thereby denoted as the equilibrium shape parameter (beta e ). Nevertheless, a number of raindrop oblateness-size studies have shown varying degrees of divergence from the preceding relation, especially in large drops .
The raindrop size distribution used in this research is the ''normalized gamma distribution'' model as presented in recent polarimetric radar rainfall studies (e.g., Testud et al. 2000) : 4ϩ
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where D 0 (mm) is the raindrop median volume diameter, while is the shape parameter, and N w (m Ϫ4 ) a ''normalized'' form of the intercept parameter (N 0 ) of the classic gamma distribution model (Ulbrich 1983) . It can be shown that N w (mm Ϫ1 m Ϫ3 ) is related to liquid water content (W, gr m Ϫ3 ) in the following form: where w is the density of water. As shown in Testud et al. (2000) all of the integrated radar (except Z DR and ␦) and precipitation parameters derived based on the normalized gamma model are proportional to N w . Consequently, relationships between any two of those parameters, if normalized by N w , would lead to reduced scatter, and low sensitivity to variations in (see Testud et al. 2000) . The relationships considered in this study to support our algorithm development are given next.
In terms of radar parameters the relationships are
DP w H
In terms of rainfall rate these relationships are
eH
A linear relationship is assumed between A H and K DP , which is a good approximation for X-band frequency. Most of the preceding relationships have been used in prior studies of C-band and X-band polarimetric rainfall estimation and corresponding parameters (power and multipliers a, b, ␥, c, and d for radar parameters, and m, n, ␣, ␤, , , s, and t for rainfall parameters, respectively) derived based on both simulations and experimental data (e.g., Testud et al. 2000; Le Bouar et al. 2001; Matrosov et al. 2002) .
In this study, we evaluated these relationships based on radar (Z eH , A H , A DP , K DP ) and precipitation (rainfall rate, R) parameters derived experimentally from in situ 3-min average raindrop spectra (1780 spectra). The median mass diameter (D m , mm) and water content (W, gr m Ϫ3 ) were calculated from each 3-min DSD spectra, after which D 0 (mm) was obtained from D m (3.67 ϩ )/ (4 ϩ ) and N w (mm Ϫ1 m Ϫ3 ) on the basis of Eq. (10). The shape parameter was then determined by minimizing (with respect to ) the least squares difference of calculated [from Eq. (9)] versus sampled (from the 3-min averaged spectra) counts over a range of 20 drop diameter bins. Statistics of the estimated normalized gamma DSD model parameters are presented in Fig. 4 , which shows frequency histograms for the median drop diameter (D 0 ), N w , and parameter values, and a scatterplot of D 0 versus N w . For each fitted DSD parameter set the radar variables (Z H , Z DR , K DP ) at X-band frequency were computed on the basis of T-matrix cal- culations (Barber and Yeh 1975) , assuming 1) the axis ratio of Eq. (8) for a range of beta values (0.032-0.092 mm Ϫ1 ), 2) a Gaussian canting angle distribution with zero mean and standard deviation 10, and 3) a 6-mm maximum drop diameter. Table 3 shows the relationship parameters determined based on the preceding raindrop spectra for a mean air temperature of 7ЊC and for three characteristic values (upper, lower, and equilibrium) of the shape-size relationship parameter beta.
c. The rainfall estimation algorithm
As we mentioned previously, due to XPOL's short wavelength (ϳ3 cm), the path reflectivity attenuation A H and differential attenuation A DP can be significant at moderate to high rainfall rates. The rainfall estimation technique we propose here is based on algorithms that couple along-the-ray profiles of Z aH (r), Z aV (r), and ⌽ DP (r), where r symbolizes the range bin along the ray. The starting point of the formulation is the algorithm presented by Testud et al. (2000) , where Eqs. (11) and (12) are jointly used to provide stable corrections for path attenuation of Z H while simultaneously retrieving N w variations at discrete range intervals along a radar ray. The equations adopted from this formulation are as follows (for detailed derivations the interested reader is referred to Testud et al. 2000) :
1/(1Ϫb) Ϫ0.1b␥⌬⌽
where
The r 1 and r 0 are range boundaries of an along-aradar-ray interval in which N w is assumed to be constant. The ⌬⌽ ϭ ⌽ DP (r 0 ) Ϫ ⌽ DP (r 1 ) within that range interval is determined from the filtered ⌽ DP data and thus expected to have negligible ␦ effect. The intervals are determined so that ⌬⌽ noise is reduced, which consequently minimizes uncertainty in N w estimation. First, we identify the rain cell boundaries within a radar ray using a low-reflectivity threshold value (14 dBZ) for rain-no rain separation. A rain cell is subsequently divided in subintervals if both ⌬⌽ Ͼ 8Њ and the rain cell width is larger than 4 km. In this case the subintervals are selected so that both inequalities are fulfilled, that is, ⌬⌽ Ն 4Њ and r 0 Ϫ r 1 Ն 2 km. These thresholds are parameters that can be altered as part of the algorithm calibration. The values were subjectively selected to balance between noise reduction in ⌽ DP and the need for a detailed representation of DSD variability.
The preceding approach is accurate only if we assume that the A H -K DP relationship is not sensitive to variations in raindrop shape-size parameter beta. As shown by the A H -K DP scatterplot and fitted relationships at the top of Fig. 5 there is strong dependence between the slope of A H -K DP relationship (␥ parameter) and the shape-size parameter (beta) value. This dependence has consequences on the attenuation correction as shown by the reflectivity profile plots at the middle and bottom of Fig.  5 , where beta values on either side of the equilibrium value beta e yield significantly different Z eH and Z DR profiles using Eqs. (17)-(19). It was observed, though, that for every range interval (r i , r iϩ1 ) where N w is determined, there can be a beta value that minimizes the difference between the filtered ⌽ DP data and a theoretical profile simulated from the path attenuation estith ⌽ DP mates (A H ). Consequently, the algorithm was expanded so that for every range interval, Eqs. (17)- (19) are iterated with respect to beta until they minimize the following function:
DP i H
␥(beta) r i
where ␥ (beta) and A H (s, beta) indicate that the relationships used in Eqs. (17)- (19) and (12) are beta dependent. This approach leads to stable attenuation correction profiles and estimates of N w that are consistent with the measured ⌽ DP data. The uncertainty in attenuation correction of Z H and Z DR profiles and N w retrieval can be statistically related to the measurement noise, assuming independence, as (Testud et al. 2000) : ). An assumption made in this error analysis is that beta can be accurately determined from (20). In case of erroneous beta estimation the uncertainty in attenuation correction and N w retrieval can be significantly higher as discussed earlier in this section (Fig. 5) .
d. Examples of XPOL ray profile measurements of precipitation
In this section we present examples of two characteristic ray profile measurements that contain both intense and moderate precipitation areas. The profiles were taken from sweeps at around 0.8Њ elevation, and presented up to 34-km range where the whole beam sampling volume is well below 1.0 km. At that height, we can safely assume that all hydrometeors are water droplets following the DSD and shape-size parameterizations presented in the previous section. Figure 6 illustrates the two examples showing range profiles of 1) the XPOL measured (attenuated) H-polarization reflectivity, 2) the corresponding measured (attenuated) differential reflectivity, and 3) differential phase shift. In the Z H ray profile plot, we show the effective reflectivity estimates determined based on the presented polarimetric method versus the standard Hitchfeld and Bordan (1954) approach, assuming N w ϭ 8.0E6 (Marshall and Palmer 1948) . In the Z DR ray profile we present the
FIG. 6. Two examples of ray profiles of horizontal polarization reflectivity (Z H
, differential reflectivity (Z DR ), differential phase shift (⌽ DP ), and the normalized gamma DSD intercept (N w ). (top) The shaded region centered on the black line denotes 1 std dev uncertainty bound of polarimetric correction (P), the dark gray line denotes standard attenuation correction (S), and the light gray line denotes the measured values. Similar convention applies to other frames. Here, A H is specific attenuation; N w is integrated over 5-km intervals. attenuation correction performed using the differential attenuation estimates from Eq. (13) for a retrieved A H and N w profile. In those panels we overlay the corrected Z H and Z DR profiles associate with A H (1 Ϯ ) ͙0.168 and A DP (1 Ϯ ) one standard deviation error ͙0.203 bounds in the attenuation estimates. In the ⌽ DP ray profile plot we also present profiles evaluated from the pr ⌽ DP retrieved A H profiles (from both polarimetric and standard approach) as follows:
Finally, at the bottom of Fig. 6 we present the retrieved variations of N w at discrete range intervals (5 km), along with its one standard deviation error bounds, and the N w value calculated from coincident 3-min raindrop size spectra. Several observations can be made from the previous sample ray profiles of polarimetric
radar parameters. First, the standard and polarimetric attenuation correction schemes give different rain-path attenuation estimates, where in cases of intense rain rates this divergence can be significant. From the ⌽ DP ray profile plots we observe that the ⌽ DP predictions derived from the standard A H retrieval are biased compared to the measured ⌽ DP profile, while the polarimetric retrieval consistently follows the measured ⌽ DP profile. Noticing concurrently that the retrieved N w value at the discrete interval containing the disdrometer is similar to the value calculated from the measured raindrop spectra supports the argument that polarimetric information is critical to achieve stable and definitive attenuation correction estimates at X-band frequency. Another noteworthy point concerns the Z DR attenuation correction. The corrected Z DR profile values seem to be at reasonable levels and, as was shown by comparisons with short radar-range disdrometer data (see Fig. 3 ), they are consistent with the corrected Z H profile values. This study lacks reference Z H and Z DR measurements from further ranges (Ͼ5 km) to support more definitive statements about the polarimetric attenuation correction efficiency, but future research based on coincident S-band and Xband polarimetric ray profile measurements would address this aspect. The error in Z H and Z DR corrected profiles due to the attenuation correction sensitivity to measurement noise is shown to be as high as 2-3 dB. We also observe that the Z H profile corrected on the basis of the standard method falls within the one standard deviation error bounds of the polarimetric attenuation correction. The disdrometer-determined N w values are shown to be outside the error bounds of the N w retrieval as part of the polarimetric attenuation correction technique. A major source of this difference is the resolution of N w retrieval (5 km), but could also be an indication of error in beta parameter estimate.
Finally, we would like to reinforce an observation made by Matrosov et al. (2002) where they noted the lack of significant ␦ effect in rain-rate profile measurements during a winter experiment at Wallops Island. The ␦ effect would appear in the data as a rapid increase/ decrease (i.e., a ''bump'' that would stand above the random ⌽ DP noise variations) in the ⌽ DP profile. Although we have implemented a ⌽ DP correction filter to alleviate potential ␦ effects, visual observation (not shown here) of several moderate to heavy rain-rate XPOL ray profile measurements indicated insignificant ␦ effect in the data. We note that the ␦ effect at X band is small for drop diameters below 3 mm, while it only gradually and monotonically increases at larger drop diameters (see Matrosov et al. 2002, their Fig. 6 , and discussion therein on this issue). That we could not find significant ␦ effect in the ⌽ DP data from this experiment could be because the type of storm systems observed were typically stratiform with few very intense rain cells. Another reason for lack of significant ␦ discussed in the conclusions of a study by Zrnić et al. (2000) is that the increased attenuation occurring when large raindrop are present compensates the resonance effect at 3-cm wavelength.
The radar parameters measured or estimated in this study are consistent with prior experimental studies on X-band polarimetric measurements of rainfall (e.g., Matrosov et al. 1999; Matrosov et al. 2002) . In intense rain (ϳ10 km radar range) where reflectivity exceeds 50 dBZ for a few kilometers range interval, the differential reflectivity takes on values of about 2.5 dB, and the ⌽ DP slope (i.e., K DP ) is in the range of 3.2Њ-3.7Њ km Ϫ1 . In the range of intense rain cells the N w parameter of a normalized gamma DSD model takes on values around 2 ϫ 10 6 m Ϫ4 , which is 4 times lower than the MarshallPalmer value (8 ϫ 10 6 m Ϫ4 ). In the regions where the reflectivity is moderate to low (around 30 dBZ), which is associated with light rainfall (see Fig. 6 ), the Z DR is about zero, while the K DP is consistently below 1Њ km Ϫ1 . It is noteworthy that the low noise in ⌽ DP data, even in the case of low reflectivity (Ͻ30 dBZ) and short range intervals (Ͻ1 km), can provide a measure of the K DP signal in rain. This is the major advantage of X-band polarimetric measurements over S-band systems, which for low rainfall intensities would require long-range intervals (Ͼ5 km) to provide a reliable K DP measure in rain.
The ray profiles of the retrieved rain rates associated with the profiles of Fig. 6 are presented in Fig. 7 . The polarimetric rain estimates are derived from Eq. (14), while the standard rain estimates are evaluated using the Z-R relationship of Eq. (16). Both algorithms use the attenuation corrected radar parameters as determined by the corresponding polarimetric and standard methods. The one standard deviation error bounds of the polarimetric retrieval are overlaid on the plot. The rain estimation relative error variance (0.13) of Eq. (14) was derived from the corresponding error variances of A H and N w estimates as described in section 3a. The rainrate values calculated from coincident 3-min raindrop size spectra for the two example cases are also presented in the plot. Observe that the divergence between polarimetric and standard rain retrieval is consistent with the corresponding differences shown in Z H attenuation correction. However, note that those differences can be more significant in rain rates due to the nonlinear transformation. Nevertheless, as in Z H attenuation correction the standard Z-R rain profile is consistently within the error bound of the polarimetric rain profile. Although no gauge or disdrometer data are available at far ranges to verify those estimates, at the short range (ϳ5 km) we observe that the polarimetric retrieval has closer agreement with the observed rain-rate value, which is also within its error bounds. Ongoing research based on recent field experiments that provided joint S-and Xband polarimetric measurements would support investigation of XPOL retrievals at further ranges (http:// www.joss.ucar.edu/ihop).
FIG. 7. Rain-rate profiles corresponding to the ray profiles shown in Fig. 6 , that is, left (right) frames corresponds to Fig. 6 left (right) . The rain-rate estimates are derived from the combined A H and N w [Eq. (14)] algorithm and the standard Z-R approach [Eq. (16)]. The shaded region denotes uncertainty due to A H and N w estimation.
Comparison of XPOL-derived rain rates with ground-based data
The objective in this section is to assess the highfrequency (1-3-min temporal and 150-m spatial resolution) estimation of rain rates and raindrop size distribution parameters (N w ) by the polarimetric precipitation retrieval approach. In terms of rain rates, we compare the multiparameter polarimetric algorithm [Eq. (15) ] with the (N w , A H )-based [Eq. (14) ] and equilibrium drop shape K DP -based [Eq. (14) with A H derived from K DP using Eq. (12)] estimators, as well as rain-rate estimates derived from standard [nonpolarimetric, Eq. (16)] radar measurements. The rain estimation algorithm parameters are shown in Table 3 and as discussed in a previous section were determined from theoretical calculations based on 3-min measured raindrop spectra. Figure 8 shows uncertainty statistics of the different estimators applied to radar parameters derived from both XPOL observations (Fig. 8, top) and measured raindrop spectra (Fig. 8, bottom) , using as reference the rain rates calculated from the measured raindrop spectra. The statistics presented here are the mean and standard deviation of the relative difference () defined as
where R dsd is the rain rate (mm h Ϫ1 ) calculated from the measured 3-min raindrop spectra, and R est is the rainfall rate (mm h Ϫ1 ) estimated from the different radar algorithms. The statistics are presented for varying K DP threshold values representing different levels of rainfall intensity. Figure 8 (left) shows the mean relative difference (MRD), while Fig. 8 (right) shows the standard deviation. It is shown that the estimators' MRD is consistently small (within 5%) for the whole range of K DP thresholds. Application to XPOL measurements, though, shows that for some estimators, MRD becomes K DP (or rainfall intensity) magnitude dependent; in particular the (N w , A H )-based retrieval where MRD varies within 15%. The best estimates in terms of MRD are shown to be the ones retrieved from the multiparameter and K DP -based estimators, while the standard Z-R relationship seems to consistently underestimate rainfall. We note that XPOL measurements are unbiased with respect to the radar parameters derived from raindrop spectra (see Fig. 9 ) and as shown in the lower-left of Fig. 8 , the Z-R estimator has very low bias in terms of the DSD calculated radar parameters and rain rates. Consequently, an explanation of this underestimation is the imperfect standard Z H -based attenuation correction, which was shown to be quite different from the attenuation correction derived based on polarimetric measurements (⌽ DP constraint). In terms of STD we show that the (N w , A H )-based and K DP -based estimator uncertainties strongly depend on the magnitude of K DP . This is expected, since both estimators are very sensitive to the uncertainty in K DP estimation propagated from noise in ⌽ DP data. In particular, for the (N w , A H )-based algorithm, the STD in DSD calculated radar and rainfall parameters drops from about 40% at K DP threshold of 0.1Њ km Ϫ1 to 15% at K DP values greater than 0.5Њ km Ϫ1 . This effect is more significant (67% decrease in STD) when the estimator is applied on XPOL measurements. This is expected because radar-based retrievals are affected by measurements noise in radar parameters, in addition to the estimator uncertainty. In particular, ⌽ DP measurement noise decreases relative to the increase of rainfall intensity (i.e., K DP ). The multiparameter and standard Z-R estimators' uncertainties are less sensitive to the K DP threshold, which is shown consistently in both the DSD calculated and XPOL measured radar parameters. Note that the multiparameter estimator is associated with about 38% (70%) less standard deviation estimate (STDE) than the standard Z-R estimator when applied to XPOL (DSD calculated) radar parameters. Figure 10 shows scatterplots of instantaneous multiparameter and standard Z-R estimates versus rain rates calculated from corresponding 3-min raindrop spectra, for algorithms applied to XPOL measured and raindrop spectra calculated radar parameters. The multiparameter retrieval is associated with less scatter (higher correlation) in the DSD-based estimate-rain-rate comparison. Nevertheless, the decrease (increase) in scatter (correlation) from standard Z-R to multiparameter estimates is not as significant in the XPOL measurements, which is consistent with the STDE error statistics presented previously in this section. rain rates derived from the multiparameter and standard Z-R methods for a 5-h storm event passing over the POSS disdrometer. There is good agreement between disdrometer and XPOL reflectivity values. The multiparameter and standard Z-R rain rates determined from the same reflectivity values seem to perform similarly, but at high intensities (ϳ2 h) the multiparameter technique estimates are closer to the disdrometer rain rates. The retrieved N w values are within 2.5 times the disdrometer derived values, which is nearly one standard deviation of the relative N w retrieval error (2-km intervals were used in this case). The correlation of disdrometer and retrieved N w values is low, which could be due to random effects associated with the retrieval error and spatial resolution. Alternatively, we compare the frequency histograms of the retrieved N w values with the corresponding values derived from the measured raindrop spectra for all coincident XPOL-disdrometer pairs (see Fig. 12 ). It is apparent that the XPOL estimated N w values span a larger range than those calculated from disdrometer measurements. This is another indication of the significant random effects on the retrieval associated with measurement noise in the XPOL data. Nevertheless, we see no systematic difference in the two histograms, and the bulk of XPOL retrieved N w values are within the ones determined from disdrometer measurements. Figure 13 shows scatterplots of XPOL instantaneous rainfall-rate estimates versus 3-min rainfall rates measured by three clusters of dual rain gauge platforms located at about 10 km from XPOL. Figure 13 (left and right) show the polarimetric and standard Z-R retrievals, respectively. The figure also shows histograms of the N w estimated by the polarimetric algorithm (at right). The comparison between polarimetric and standard Z-R approach is consistent with what we discussed earlier in this section; that is, the scatter decreases in polarimetric retrieval, while the standard Z-R estimator is slightly biased with respect to gauge rainfall. The overall mean and standard deviation of the relative differences are Ϫ4% (Ϫ15%) and 53% (73%) for the polarimetric (standard Z-R) estimates, while correlation ( 2 ) is 0.70 and 0.51 for the multiparameter and standard Z-R, accordingly. These differences reduce significantly at coarser spatial and temporal scales (Matrosov et al. 2002) . The DSD intercept parameter (N w ) values evaluated over the gauge locations are in the same range as in Fig. 12 , with a mode around 2 ϫ 10 6 . Comparison of cumulative rainfall for a 5-h storm event over the three gauge clusters is presented in Fig. 14. Consistently to the statistics shown in this section, the multiparameter cumulative values correlate better to gauge rainfall than the standard Z-R estimates for all gauge clusters.
It is expected that local (measurement) random errors at gauge locations associated with the discrete time sampling, the wind effects, and the area-point representativeness problem can introduce discrepancies in area rainfall estimation by gauges (Ciach and Krajewski 1999; Anagnostou et al. 1999; . Given the small size of XPOL cells over the gauges (about 150 ϫ 150 m 2 ) and the nature of the rainfall regime in Iowa Miriovsky et al. 2004 ) we considered only the local random error effect in XPOLgauge difference statistics. After , the standard deviation ( m , mm h Ϫ1 ) of the relative gauge measurement error at 3-min accumulation scale can be represented using the following formula:
Consequently, every 3-min gauge rain rate R G associated with a standard error m can be used to statistically evaluate XPOL rain estimates as follows. We determine the relative difference () between XPOL estimate and gauge rain rate as in Eq. (26), and then compute the ratio of to m . The cumulative probability of / m calculated for two XPOL estimators (multiparameter and standard Z-R) are presented in Fig. 15 . The figure illustrates several important points. First, radar-based estimates are clearly less accurate than the ground-based reference at the given time and space scales. Second, the multiparameter method seems to consistently outperform the single-parameter method. For example, if we consider error ratios of 4, the Z-R method leads to 50% of estimates with errors smaller than that while the multiparameter methods result in over 60% such estimates. Considering other sources of uncertainty, such as the horizontal and vertical scale mismatches, would somewhat lower the presented error statistics for both retrievals, but we prefer to avoid speculating on the respective amounts.
Conclusions
We presented an experimental investigation of a rainfall estimation algorithm for X-band polarimetric radar measurements. In developing the algorithm, we addressed estimation of specific attenuation jointly with retrieving the intercept parameter (N w ) of the ''normalized'' gamma DSD model. This was achieved in a manner similar to the profiling algorithm presented by Testud et al. (2000) , where differential propagation phase shift and attenuated reflectivity are combined within segments along a radar ray to retrieve the specific attenuation profile, and a mean N w value along each seg- ment. The differential reflectivity values were subsequently corrected via estimation of the differential attenuation profile from the specific attenuation and N w retrieved profiles. Several algorithms for rainfall estimation were investigated, including power-law algorithms relating rainfall rate to 1) specific attenuation and N w ; 2) specific attenuation, differential attenuation, and specific differential phase shift (multiparameter); 3) specific differential phase shift alone; and 4) the standard reflectivity-rainfall-rate relationship. It was shown that the N w retrieval, attenuation correction, and rainfall algorithm parameter values are sensitive to the assumed law for raindrop shape-size relationship. Consequently, uncertainty exists due to the natural variability of raindrop oblateness, which can deviate from the assumed relationship. The proposed algorithm addresses the problem by selecting the raindrop oblateness model for which a measured ⌽ DP profile matches best with the profile determined from the specific attenuation and N w retrievals. Using an equilibrium shape-size relation would result in biased Z H measurements with respect to disdrometer observations. The field experiment on which this study is based employed an X-band polarimetric radar, XPOL, collecting data over densely instrumented sites with three disdrometers and several tipping-bucket dual-gauge platforms. We collected data for the months of October and November 2001. The observed rainfall events ranged in intensity from moderate stratiform precipitation to high-intensity (Ͼ50 mm h Ϫ1 ) convective rain cells. The XPOL reflectivity calibration bias was determined to be about 1 dB based on reflectivity data determined from coincident 3-min averaged raindrop spectra. The differential reflectivity was evaluated using vertical pointing measurements in a low-intensity stratiform event, showing a bias less than 0.3 dB. The biasadjusted XPOL measurements were subsequently tested for physical consistency using corresponding radar parameters derived from coincidentally measured raindrop spectra. The attenuation correction was shown to be associated with unbiased N w retrievals with respect to N w values determined from coincident raindrop spectra. The attenuation correction based on profiles of only reflectivity measurements was shown to diverge significantly from the corresponding polarimetric-based corrections. We investigated the rain retrieval algorithms using matched pairs of instantaneous high-resolution XPOL observations and rain rates from 3-min averaged raindrop spectra and rain gauge measurements. Our investigations show that the multiparameter (Z H , Z DR , Z DP ) retrieval has the optimum rain estimation performance with about 40% relative difference standard deviation. For comparison, the case-tuned reflectivity-rainfall rate (Z-R) relationship gave about 65% relative difference standard deviation. Here we show that the systematic difference is low (ϳ3% overestimation) and nearly independent of rainfall intensity for the multiparameter algorithm, while for the standard Z-R it varied from 10% underestimation to 3% overestimation (13% change).
Further research investigations are under way, using a large number of acquired field data, including joint X-band and S-band polarimetric radar measurements from the International H 2 O Project. Those studies are aimed at 1) continuing the investigation on specific attenuation, differential attenuation, and N w profile retrieval at X-band by further exploring the effect of raindrop oblateness relation; 2) developing an X-band radar retrieval scheme for precipitation fluxes of different precipitation phases (including snow and mixed phase); and 3) developing a precipitation classification algorithm for X-band measurements.
